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Description 

This  invention  relates  to  disk  file  digital  servo 
control  systems  for  read/write  head  positioning. 

Disk  files  are  information  storage  devices  which 
utilize  a  rotatable  disk  with  concentric  data  tracks 
containing  the  information,  a  head  for  reading  or 
writing  data  onto  the  various  tracks,  and  an  actuator 
connected  by  a  support  arm  assembly  to  the  head 
for  moving  the  head  to  the  desired  track  and  main- 
taining  it  over  the  track  centerline  during  read  or 
write  operations.  The  movement  of  the  head  to  a 
desired  track  is  referred  to  as  track  accessing  or 
"seeking",  while  the  maintaining  of  the  head  over 
the  centerline  of  the  desired  track  during  a  read  or 
write  operation  is  referred  to  as  track  "following". 

The  actuator  is  typically  a  "voice  coil  motor" 
(VCM)  which  comprises  a  coil  movable  through  the 
magnetic  field  of  a  permanent  magnetic  stator.  The 
application  of  current  to  the  VCM  causes  the  coil, 
and  thus  the  attached  head,  to  move  radially.  The 
acceleration  of  the  coil  is  proportional  to  the  ap- 
plied  current,  so  that  ideally  there  is  no  current  to 
the  coil  if  the  head  is  perfectly  stationary  over  a 
desired  track. 

In  disk  files  which  have  a  relatively  high  den- 
sity  of  data  tracks  on  the  disk,  it  is  necessary  to 
incorporate  a  servo  control  system  to  maintain  the 
head  precisely  over  the  centerline  of  the  desired 
track  during  read  or  write  operations.  This  is  ac- 
complished  by  utilizing  prerecorded  servo  informa- 
tion  either  on  a  dedicated  servo  disk  or  on  sectors 
angularly  spaced  and  interspersed  among  the  data 
on  a  data  disk.  The  servo  information  sensed  by 
the  read/write  head  (or  the  dedicated  servo  head  if 
a  dedicated  servo  disk  is  used)  is  demodulated  to 
generate  a  position  error  signal  (PES)  which  is  an 
indication  of  the  position  error  of  the  head  away 
from  the  nearest  track  centerline. 

A  recent  development  in  disk  file  servo  control 
systems,  as  described  in  EP-A-  0243821,  is  a 
digital  servo  control  system  which,  as  part  of  the 
computation  of  the  control  signal  to  the  actuator, 
makes  use  of  a  state  estimator  algorithm  to  es- 
timate  the  position  and  velocity  of  the  head.  In  this 
type  of  servo  control  system,  a  microprocessor 
receives,  at  discrete  sample  times,  digital  values 
corresponding  to  the  PES  and  the  actuator  input 
current,  and  computes,  through  the  use  of  the  state 
estimator  algorithm,  a  digital  control  signal.  The 
digital  control  signal  is  then  converted  to  an  analog 
signal  and  amplified  to  provide  a  new  actuator 
input  current. 

The  method  of  estimating  the  state  of  the 
physical  plant  to  be  controlled  in  a  digital  control 
system  requires  the  use  of  estimator  "constants", 
the  derivation  of  which  is  described  in  Digital  Con- 
trol  of  Dynamic  Systems,  Franklin  and  Powell, 

Addison-Wesley  Publishing  Co.  (1983),  chapter  6, 
pages  131-139.  In  the  case  of  a  disk  file,  these 
estimator  constants  are  dependent  upon  the  values 
of  certain  physical  parameters  of  the  disk  file,  such 

5  as  the  mass  of  the  coil  and  head/arm  assembly, 
the  actuator  force  constant  (the  force  applied  to  the 
coil  per  unit  of  input  current),  the  gain  of  the  VCM 
power  amplifier,  the  PES  gain  and  the  time  be- 
tween  PES  samples  (the  PES  sampling  time  pe- 

io  riod). 
The  estimator  constants  are  generally  referred 

to  as  "constants"  because  the  values  of  the  phys- 
ical  parameters  from  which  they  are  determined 
are  generally  invariable.  However,  the  PES  sam- 

75  pling  time,  which  is  the  time  between  receipt  of  the 
PES  samples  by  the  microprocessor  and  thus  the 
time  between  the  beginning  of  consecutive  control 
signal  computations  by  the  microprocessor,  is  a 
function  of  the  speed  of  the  drive  motor  which 

20  rotates  the  disks.  Typically,  disk  file  drive  motors 
have  a  specified  speed  tolerance,  e.g.  plus/minus 
3%.  A  variation  in  drive  motor  speed  translates  into 
a  variation  in  the  rate  at  which  the  head  receives 
servo  position  information  from  the  disk.  Thus  if  a 

25  constant  value  of  PES  sampling  time  period,  cor- 
responding  to  the  nominal  drive  motor  speed,  is 
used  in  the  estimator  constants,  the  control  signal 
generated  by  the  microprocessor  will  be  in  error 
whenever  the  drive  motor  speed  varies  from  its 

30  nominal  speed.  This  control  signal  error  will  cause 
the  head  to  undershoot  or  overshoot  the  target 
track  when  the  head  is  moved  between  tracks, 
which  could  result  in  an  unacceptable  delay  in  the 
arrival  of  the  head  to  the  target  track  centerline,  or 

35  in  a  seek  error. 
According  to  one  aspect,  the  invention  provides 

a  digital  servo  control  method  for  a  disk  file 
read/write  head  actuator,  the  method  comprising 
processing  from  detected  servo  information  a  head 

40  position  error  signal  (PES)  and  a  clock  signal  re- 
presentative  of  the  beginning  of  a  PES,  and  com- 
puting  at  discrete  PES  sampling  time  periods  in 
response  to  digital  values  corresponding  to  the 
PES  a  digital  control  signal  for  use  by  the  actuator 

45  in  between  the  sampling  time  periods,  said  com- 
puting  including  estimating  the  state  of  the  actuator 
from,  among  other  things,  estimator  constants,  the 
estimator  constants  being  determined  by  disk  file 
physical  parameters  including  the  PES  sampling 

50  time  period,  the  method  being  characterised  by 
measuring  the  actual  PES  sampling  time,  and 
modifying  said  estimator  constants  in  response  to 
the  measured  actual  PES  sampling  time  period. 

According  to  another  aspect,  the  invention  pro- 
55  vides  a  data  recording  disk  file  of  the  type  having 

at  least  one  rotatable  disk  with  generally  concentric 
data  tracks  thereon,  the  data  disk  or  a  separate 
servo  disk  having  servo  information  recorded  there- 
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on,  at  least  one  head  for  reading  the  servo  informa- 
tion  during  rotation  of  the  disk,  means  for  process- 
ing  from  the  servo  information  a  head  position  error 
signal  (PES)  and  a  clock  signal  representative  of 
the  beginning  of  a  PES,  an  actuator  responsive  to 
an  input  signal  and  attached  to  the  head  for  posi- 
tioning  the  head,  and  computing  means  for  receiv- 
ing,  at  discrete  PES  sampling  time  periods,  digital 
values  corresponding  to  the  PES  and  for  comput- 
ing  a  digital  control  signal  for  use  by  the  actuator  in 
between  the  sampling  time  periods,  said  computing 
means  including  means  for  estimating  the  state  of 
the  actuator  from,  among  other  things,  estimator 
constants,  the  estimator  constants  being  deter- 
mined  by  disk  file  physical  parameters  including 
the  PES  sampling  time  period,  the  file  being 
characterised  by  including  means  for  measuring 
the  actual  PES  sampling  time  period,  and  by  the 
computing  means  including  means  for  modifying 
the  estimator  constants  in  response  to  the  mea- 
sured  actual  PES  sampling  time. 

Preferably,  a  PES  sampling  clock  generator 
receives  the  PES  clock  input  corresponding  to 
each  discrete  sample  of  servo  timing  information 
recorded  on  the  disk,  and  generates  a  micropro- 
cessor  interrupt  signal.  The  frequency  of  the  inter- 
rupt  signal  is  thus  directly  related  to  the  PES  clock 
rate,  which  in  turn  is  directly  related  to  the  drive 
motor  speed.  The  sampling  clock  generator  is  de- 
signed  such  that  its  highest  allowable  frequency 
output,  which  corresponds  to  the  highest  allowable 
drive  motor  speed  and  thus  the  minimum  allowable 
PES  sampling  time  period,  is  equal  to  the  fre- 
quency  at  which  the  microprocessor  generates  the 
discrete  control  signals.  As  part  of  the  computation 
of  the  control  signal,  the  microprocessor  recalls  a 
previously  stored  value  of  PES  sampling  time  pe- 
riod  (T)  from  a  memory  device  and  uses  this  value 
to  modify  the  values  of  the  estimator  constants. 
The  last  instruction  in  the  control  signal  algorithm  is 
the  reading  into  the  memory  device  of  a  value 
equal  to  the  minimum  PES  sampling  time  period 
(Tmin).  If  after  this  last  instruction  no  interrupt  is 
received  from  the  sampling  clock  generator,  the 
microprocessor  continues  to  execute  instructions  to 
store  in  the  memory  device  new  values  of  PES 
sampling  time  period,  each  successive  value  being 
incremented  by  an  amount  equal  to  the  micropro- 
cessor  cycle  time.  These  instructions  continue  until 
an  interrupt  is  received  from  the  sampling  clock 
generator.  During  the  subsequent  computation  of 
the  next  control  signal  the  new  value  of  the  PES 
sampling  time  period  is  recalled  from  the  memory 
device  and  used  to  modify  the  estimator  constants. 
In  this  manner,  for  each  new  control  signal  com- 
putation,  the  actual  PES  sampling  time  is  updated, 
stored  in  the  memory  device  and  recalled  to  modi- 
fy  the  estimator  constants  during  the  next  control 

signal  computation.  In  the  event  the  value  of  T 
exceeds  the  maximum  allowable  PES  sampling 
time  period  (Tmax),  corresponding  to  the  slowest 
allowable  drive  motor  speed,  the  microprocessor 

5  disables  the  VCM  power  amplifier  and  posts  an 
error  to  the  disk  file  control  unit. 

Because  the  digital  servo  control  system  uses 
the  actual  measured  PES  sampling  time  during 
each  computation  of  the  control  signal,  rather  than 

io  relying  upon  a  constant  value  based  upon  the 
nominal  drive  motor  speed,  the  arrival  of  the  head 
to  the  target  track  is  substantially  improved  when 
there  are  variations  in  drive  motor  speed.  In  addi- 
tion,  with  the  use  of  the  digital  servo  control  system 

is  embodying  the  present  invention,  less  precise  drive 
motors  can  be  used  in  the  disk  file. 

How  the  invention  can  be  carried  out  will  now 
be  described  by  way  of  example,  with  reference  to 
the  accompanying  drawings,  in  which:- 

20  Fig.  1  is  a  simplified  block  diagram  of  a  digital 
servo  control  system  embodying  the  invention; 
Fig.  2  is  an  illustration  of  servo  timing  informa- 
tion  and  servo  position  information  recorded  in 
the  form  of  a  quadrature  pattern; 

25  Fig.  3  is  a  flow  chart  illustrating  the  steps  in  the 
control  signal  algorithm  and  the  manner  in  which 
the  value  of  the  PES  sampling  time  is  continu- 
ously  updated  until  an  interrupt  is  received; 
Fig.  4  is  a  comparison  of  head  arrival  trajec- 

30  tories  for  a  typical  seek  for  a  digital  servo  con- 
trol  system  using  a  constant  nominal  PES  sam- 
pling  time  and  for  a  digital  servo  control  system 
embodying  the  invention  using  actual  PES  sam- 
pling  time;  and 

35  Fig.  5  is  a  block  diagram  of  an  alternative 
means  for  measuring  the  actual  PES  sampling 
time. 

Referring  first  to  Fig.  1,  a  pair  of  disks  10,  12 
are  supported  on  a  spindle  14  of  a  disk  file  drive 

40  motor  16.  Each  of  the  disks  10,  12  has  two  sur- 
faces  20,  22  and  24,  26,  respectively.  For  purposes 
of  this  description,  surface  20  on  disk  10  and 
surfaces  24,  26  on  disk  12  are  data  recording 
surfaces.  Surface  22  on  disk  10  is  a  dedicated 

45  servo  surface  and  contains  only  prerecorded  servo 
information. 

The  servo  information  on  disk  10  is  recorded  in 
concentric  tracks,  with  the  position  information  typi- 
cally  written  in  such  a  manner  that  the  intersections 

50  of  adjacent  servo  tracks  on  servo  surface  22  are 
radially  aligned  with  the  centerlines  of  the  data 
tracks  on  surfaces  20,  24,  and  26.  A  conventional 
quadrature  servo  pattern  is  depicted  in  Fig.  2.  The 
servo  pattern  includes  a  synchronization  area  27, 

55  which  provides  timing  information  corresponding  to 
the  beginning  of  a  set  of  servo  position  blocks,  and 
servo  block  area  29,  which  provides  head  position 
information. 

3 
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The  specific  tracks  on  the  data  disks  and  the 
servo  disk  are  accessed  by  heads  30,  32,  34,  36, 
each  of  which  is  associated  with  a  respective  disk 
surface  and  supported  by  an  associated  arm  as- 
sembly.  The  heads  30,  32,  34,  36  are  attached  to  a 
common  accessing  means  or  actuator,  such  as 
VCM  40.  Thus  the  heads  30,  32,  34,  36  are  all 
maintained  in  a  fixed  relationship  with  one  another 
relative  to  the  radial  position  on  their  respective 
disk  surfaces. 

The  signal  read  by  servo  head  32  is  input  to 
amplifier  42  and  then  demodulator  44.  While  the 
invention  may  be  applied  to  operate  with  any  of 
numerous  types  of  servo  patterns  and  servo  signal 
demodulation  techniques,  the  servo  control  system 
will  be  explained  with  reference  to  the  quadrature 
servo  pattern,  as  represented  in  Fig.  2.  The  servo 
position  information  in  block  area  29  in  the  quadra- 
ture  pattern  on  servo  surface  22  is  demodulated  by 
demodulator  44  to  generate  two  separate  analog 
waveforms,  designated  primary  (PESP)  and 
quadrature  (PESQ),  as  shown  in  Fig.  1.  The  analog 
PESP  and  PESQ  signals  from  demodulator  44  are 
sent  to  analog-to-digital  (A/D)  converters  88,  89, 
respectively.  The  discrete  values  of  PESP  and 
PESQ  at  any  sample  time  are  designated  PESP(n) 
and  PESQ(n),  where  n  represents  a  time  index  for 
each  digital  sample. 

A  microprocessor  80  is  connected  by  data  bus 
84  and  suitable  address  bus  (not  shown)  to  suitable 
memory  devices,  such  as  read/write  memory 
(RAM)  82  and  programmable  read  only  memory 
(PROM)  83.  Microprocessor  80  utilizes  a  control 
signal  algorithm,  as  described  in  the  aforemen- 
tioned  EP-A-  0243821  to  generate  a  control  signal 
u(n).  The  control  signal  u(n)  is  output  to  digital-to- 
analog  converter  (DAC)  92  and  amplified  by  power 
amplifier  58  to  generate  an  analog  current  i(t)  to 
VCM  40.  The  analog  current  i(t)  is  fed  back  to 
analog-to-digital  (A/D)  converter  90,  which  provides 
a  digital  current  signal  i(n)  to  microprocessor  80. 
Microprocessor  80  thus  receives  as  inputs,  at  dis- 
crete  sample  times,  the  digital  actuator  current  i(n) 
and  the  digital  head  position  error  signals  PESP(n) 
and  PESQ(n).  Microprocessor  80  computes  the  ac- 
tual  position  error  signal  PES(n)  from  the  values  of 
PESP(n)  and  PESQ(n),  using  conventional  logic,  as 
described  in  EP-A-  0243821  . 

As  previously  described,  demodulator  44  de- 
modulates  the  position  information  in  servo  block 
area  29  from  the  quadrature  servo  pattern  (Fig.  2) 
to  generate  analog  PESP  and  PESQ  signals.  De- 
modulator  44  also  contains  synchronization  detec- 
tion  circuitry  45  which  receives  the  timing  informa- 
tion  from  the  synchronization  areas  27  of  the 
quadrature  servo  pattern  and  outputs  a  PES  clock 
signal.  The  PES  clock  signal  is  output  by  synchro- 
nization  detection  circuitry  45  at  a  frequency  cor- 

responding  to  the  rate  at  which  the  synchronization 
areas  27  in  the  servo  pattern  pass  beneath  the 
servo  head  32.  Thus  the  PES  clock  frequency  is 
determined  by  the  number  of  discrete  sets  of  servo 

5  position  blocks  29,  (and  thus  the  number  of  cor- 
responding  synchronization  areas  27)  recorded  ei- 
ther  on  the  dedicated  servo  disk  or  in  sectors  on 
the  data  disk,  and  the  rotational  speed  of  the  drive 
motor  16.  Since  the  number  and  spacing  of  re- 

io  corded  synchronization  areas  27  are  fixed,  the  PES 
clock  frequency  is  solely  a  function  of  the  rotational 
speed  of  drive  motor  16. 

The  PES  clock  signal  synchronization  detection 
circuitry  45  is  input  to  a  sampling  clock  generator 

is  65  which  provides  an  interrupt  signal  to  micropro- 
cessor  80.  Sampling  clock  generator  65  may  be  a 
digital  counter  which  divides  the  PES  clock  fre- 
quency  by  a  fixed  value  to  provide  an  interrupt 
signal  at  a  frequency  substantially  slower  than  the 

20  PES  clock  input  frequency. 
In  one  embodiment  of  the  invention,  the  com- 

bination  of  the  synchronization  areas  27  recorded 
on  the  disk  and  the  nominal  speed  of  drive  motor 
16  results  in  a  PES  clock  frequency  of  approxi- 

25  mately  3  MHz,  corresponding  to  a  time  between 
PES  clock  pulses  of  approximately  330 
nanoseconds  (ns).  The  sampling  clock  generator 
65  is  a  divide-by-336  digital  counter  which  is  reset 
for  every  revolution  of  the  drive  motor  16  by  an 

30  index  pulse  corresponding  to  the  beginning  of  a 
servo  track  and  recorded  on  servo  disk  surface  22. 
Thus,  the  frequency  of  the  interrupt  signal  gen- 
erated  by  the  sampling  clock  generator  65  in  re- 
sponse  to  this  nominal  PES  clock  input  frequency 

35  is  approximately  8.9  kHz  (3MHz/336).  This  cor- 
responds  to  a  time  between  interrupt  signals  of 
approximately  112  microseconds.  If  the  drive  motor 
16  has  a  speed  tolerance  of  plus/minus  3%,  then 
the  time  between  PES  clock  pulses  can  vary  be- 

40  tween  plus/minus  approximately  10  ns,  and  the 
time  between  interrupt  signals  from  sampling  clock 
generator  65  can  vary  between  plus/minus  approxi- 
mately  3.4  microseconds. 

Each  interrupt  signal  to  microprocessor  80  ini- 
45  tiates  the  beginning  of  the  control  signal  algorithm. 

Thus  the  time  between  interrupts  received  by 
microprocessor  80  corresponds  to  the  PES  sam- 
pling  time  period,  the  value  of  which  affects  the 
values  of  the  estimator  constants  used  in  the  state 

50  estimator  portion  of  the  control  signal  algorithm. 
The  specific  algorithm  for  the  computation  of 

the  control  signal  is  described  in  EP-A-  0243821. 
As  part  of  the  control  signal  computation,  a  state 
estimator  is  utilized  which  computes  an  estimate  of 

55  the  head  position,  velocity,  and  acceleration.  The 
state  estimator  requires  the  use  of  estimator  con- 
stants,  which  are  defined  below. 

4 
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P12  =  KX*T, 
P13  =  931  =  Kx  *  Kf  *  T2/(2  *  M), 
P23  =  Q32  =  K,  *  (T/M), 
gi  1  =  Kx  *  K,  *  Kp  *  D  *  (T2  +  T  *  m  +  m2)/(6  *  M) 
gi  2  =  Kf  *  Kp  *  D  *  (T  +  m)/(2*M), 
g21  =  Kx  *  Kf  *  Kp  *  (m3)/(6  *  M), 
g22  =  Kf  *  Kp  *  (m2)/(2  *  M), 

where: 
Kx=  PES  gain, 
Kf=  VCM  force  constant  (the  force  gener- 

ated  by  the  VCM  per  unit  of  input 
current), 

Kp  =  power  amplifier  gain, 
T  =  PES  sampling  time  period, 
D  =  computation  time  delay  between  avail- 

ability  of  analog  PES  and  availability  of 
digital  control  signal, 

m  =  T  -  D,  and 
M  =  mass  of  coil  and  head  arm  assembly. 
The  Pij,  Qjj  terms  are  generally  invariable  since 

they  are  functions  of  physical  parameters  of  the 
disk  file  which  do  not  generally  change.  However, 
as  indicated  previously,  the  disk  drive  motor  16  has 
a  tolerance  about  its  nominal  rotational  speed 
which  causes  the  PES  sampling  time  T  to  vary 
accordingly.  If  the  nominal  sampling  time  period  T 
is  maintained  as  a  constant  during  the  computation 
of  the  control  signal,  then  the  head  velocity  pre- 
dicted  by  the  state  estimator  will  be  higher  or  lower 
then  the  actual  head  velocity  whenever  the  disk 
drive  motor  speed  varies  from  its  nominal  value. 
The  result  will  be  an  unacceptable  undershoot  or 
overshoot  of  the  head  to  the  target  track  during  a 
track  seek,  which  significantly  increases  the  access 
time  of  the  actuator. 

Referring  now  to  Fig.  3,  there  is  illustrated  a 
flow  chart  for  the  control  signal  algorithm  which 
incorporates  the  measured  actual  PES  sampling 
time  period  (T).  The  microprocessor  80  begins  the 
control  signal  computation  upon  receipt  of  an  inter- 
rupt.  The  PESP  and  PESQ  values  are  then  read 
and  the  estimated  values  of  head  position,  velocity 
and  acceleration  are  computed  from  the  previous 
predicted  values.  (The  specific  equations  for  the 
computation  of  the  estimated  and  predicted  values 
are  set  out  in  EP-A-  0243821  .  The  value  of  actuator 
input  current  "i"  is  then  read,  and  the  digital  control 
signal  "u"  is  computed  and  output  to  DAC  92.  The 
next  instruction  is  to  modify  the  values  of  p̂   and 
by  recomputing  them,  based  upon  the  actual  value 
of  T  in  RAM  82.  (The  initial  value  of  T,  which  is  the 
value  used  for  the  first  control  signal  calculation 
after  power  on,  may  be  either  part  of  the  algorithm 
or  recalled  from  PROM  83).  Following  the  modifica- 
tion  of  Pij  and  Qjj  ,  the  predicted  values  of  head 
position  and  velocity  are  computed  through  the  use 
of  the  state  estimator  and  the  modified  estimator 

constants.  The  next  instruction  in  the  algorithm  is 
to  write  to  RAM  82  a  predetermined  value  of  T 
equal  to  the  minimum  PES  sampling  time  period 
(Tmin).  It  should  be  apparent  that  Tmin,  which  cor- 

5  responds  to  the  highest  possible  drive  motor 
speed,  is  selected  to  be  equal  to  the  time  required 
for  microprocessor  80  to  run  the  complete  control 
signal  algorithm  from  receipt  of  the  interrupt  to 
execution  of  the  instruction  to  store  Tmin  in  RAM 

70  82.  As  indicated  in  Fig.  3,  the  microprocessor  80 
continues  to  perform  additional  instructions,  each  of 
which  is  to  write  into  RAM  82  a  new  value  of  T 
incremented  by  Tdeita,  where  Tdeita  equals  the  cycle 
time  of  microprocessor  80.  Thus,  with  each  cycle 

75  of  microprocessor  80  the  value  of  T  stored  in  RAM 
82  is  continuously  increased,  so  long  as  no  inter- 
rupt  is  received  from  sampling  clock  generator  65. 
When  an  interrupt  is  received  by  microprocessor 
80,  no  further  instructions  are  executed  and  the 

20  microprocessor  then  begins  computation  of  a  new 
control  signal  by  inputting  the  next  PESP  and 
PESQ  values.  The  value  of  T  stored  in  RAM  82 
immediately  following  receipt  of  an  interrupt  is 
equal  to  the  fixed  value  of  Tmin  plus  a  discrete 

25  number  of  Tdeita  values  corresponding  to  the  num- 
ber  of  microprocessor  cycles  which  have  occurred 
between  the  instruction  to  write  Tmin  and  receipt  of 
the  interrupt.  Thus  it  should  be  apparent  that  RAM 
82  is  continually  updated  with  the  actual  PES  sam- 

30  pling  time  period  and  this  actual  value  is  recalled 
and  used  to  modify  the  estimator  constants  p̂   and 
Qij  .  The  maximum  number  of  microprocessor  cy- 
cles  N  which  can  be  run  after  the  writing  of  Tmin  to 
RAM  82  is  selected  so  that  N  *  Tdeita  equals  the 

35  range  of  PES  sampling  time  period  variation.  If  no 
interrupt  is  received  after  N  microprocessor  cycles, 
the  microprocessor  80  posts  an  error  to  the  disk 
file  control  unit  and  disables  VCM  power  amplifier 
58. 

40  In  one  embodiment  of  the  invention,  the  nomi- 
nal  PES  sampling  time  period  is  112  micro- 
seconds,  which  is  the  nominal  time  between  inter- 
rupts  output  by  sampling  clock  generator  65  and 
corresponds  to  the  drive  motor  running  at  its  nomi- 

45  nal  speed;  Tmin  equals  approximately  109  micro- 
seconds  and  Tmax  equals  approximately  115  micro- 
seconds.  The  microprocessor  has  a  cycle  time  of 
200  ns.  The  value  of  N  is  selected  to  be  30  so  that 
30  additional  instructions  (corresponding  to  6 

50  microseconds)  for  the  computation  of  T  can  occur 
after  the  loading  of  RAM  82  with  Tmin.  The  execu- 
tion  of  all  30  additional  instructions  would  occur 
only  if  the  drive  motor  speed  was  at  its  slowest 
allowable  speed. 

55  Fig.  3  illustrates  an  embodiment  which  requires 
that  N  additional  instructions  be  stored  in  PROM 
83,  but  which  maximizes  the  PES  sampling  time 
period  accuracy  because  the  PES  sampling  time 

5 
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period  increment  is  just  one  microprocessor  cycle, 
i.e.  the  time  to  load  a  new  value  of  T  into  RAM  82. 
These  N  instructions  could  be  reduced  by  the  use 
of  a  "DO  LOOP"  type  of  approach,  as  follows: 
Load  RAM  82  with  T  =  Tmin 
10  Get  T  from  RAM  82 
T  =  T  +  Tde|ta 
Load  RAM  82  with  T 
GO  TO  10 
The  above  loop  would  continue  until  an  interrupt 
was  received.  Although  this  approach  reduces  the 
number  of  storage  locations,  there  would  be  more 
than  one  microprocessor  cycle  for  each  PES  sam- 
pling  time  increment,  which  would  result  in  less 
accuracy  for  the  measurement  of  the  actual  PES 
sampling  time  period. 

The  improved  performance  of  a  digital  servo 
control  system  embodying  the  present  invention  is 
depicted  in  Figs.  4A  and  4B.  In  Fig.  4A  there  is 
illustrated  the  variation  of  the  PES  voltage  during  a 
typical  track  seek  for  three  different  speeds  of  the 
drive  motor:  a  nominal  speed  indicated  by  the  solid 
line,  a  speed  of  3%  greater  than  nominal  indicated 
by  the  dotted  line,  and  a  speed  3%  less  than 
nominal  indicated  by  the  dashed  line.  It  should  be 
apparent  from  Fig.  4A  that  whenever  the  drive 
motor  is  operating  other  than  at  nominal  speed, 
there  is  degraded  performance  in  the  arrival  of  the 
head  to  the  target  track  because  of  the  incorrect 
values  of  the  estimator  constants  used  to  generate 
the  estimated  head  position  and  velocity  as  part  of 
the  control  signal  computation.  The  same  three 
track  seeks  are  depicted  in  Fig.  4B,  with  the  excep- 
tion  that  although  there  is  the  same  variation  in 
drive  motor  speed,  the  present  invention  has  been 
applied  to  modify  the  estimator  constants  during 
the  computation  of  the  control  signal.  As  should  be 
apparent  from  the  last  few  milliseconds  of  the  track 
seeks  depicted  in  Fig.  4B,  the  head  arrives  with  the 
optimum  trajectory  to  the  target  track  regardless  of 
variations  in  drive  motor  speed. 

The  above  described  technique  for  utilizing  the 
actual  PES  sampling  time  period  to  modify  the 
estimator  constants  p̂   and  is  the  preferred  em- 
bodiment.  There  are  alternative  embodiments  for 
measuring  the  actual  PES  sampling  time  period 
and  using  that  measured  value  to  update  the  es- 
timator  constants.  One  such  embodiment  is  de- 
picted  in  Fig.  5.  In  this  embodiment,  the  output  of 
sampling  clock  generator  65,  which  will  have  a 
nominal  frequency  with  a  tolerance  corresponding 
to  the  tolerance  of  the  drive  motor  speed  tolerance, 
is  output  to  a  frequency-to-voltage  converter  67. 
The  output  from  frequency-to-voltage  converter  67 
is  a  DC  voltage  which  is  directly  related  to  the 
frequency  output  from  sampling  clock  generator 
65.  This  DC  voltage  is  then  converted  to  a  digital 
value  by  A/D  converter  68  and  input  to  data  bus  84 

where  it  is  available  for  reading  by  microprocessor 
80.  Thus,  rather  than  using  the  microprocessor 
software  to  detect  the  PES  sampling  time  period  T, 
the  microprocessor  80  directly  reads  a  value  cor- 

5  responding  to  the  actual  PES  sampling  time  period 
and  uses  that  value  to  modify  the  estimator  con- 
stants  during  the  computation  of  the  control  signal. 

Claims 
10 

1.  A  digital  servo  control  method  for  a  disk  file 
read/write  head  actuator,  the  method  compris- 
ing  processing  from  detected  servo  information 
a  head  position  error  signal  (PES)  and  a  clock 

is  signal  representative  of  the  beginning  of  a 
PES,  and  computing  at  discrete  PES  sampling 
time  periods  in  response  to  digital  values  cor- 
responding  to  the  PES  a  digital  control  signal 
for  use  by  the  actuator  in  between  the  sam- 

20  pling  time  periods,  said  computing  including 
estimating  the  state  of  the  actuator  from, 
among  other  things,  estimator  constants,  the 
estimator  constants  being  determined  by  disk 
file  physical  parameters  including  the  PES 

25  sampling  time  period,  the  method  being 
characterised  by 

measuring  the  actual  PES  sampling  time 
period,  and  modifying  said  estimator  constants 
in  response  to  the  measured  actual  PES  sam- 

30  pling  time. 

2.  A  data  recording  disk  file  of  the  type  having  at 
least  one  rotatable  disk  with  generally  concen- 
tric  data  tracks  thereon,  the  data  disk  or  a 

35  separate  servo  disk  (10)  having  servo  informa- 
tion  recorded  thereon,  at  least  one  head  (32) 
for  reading  the  servo  information  during  rota- 
tion  of  the  disk,  means  (42,44,45,88,89,65)  for 
processing  from  the  servo  information  a  head 

40  position  error  signal  (PES)  and  a  clock  signal 
representative  of  the  beginning  of  a  PES,  an 
actuator  (40)  responsive  to  an  input  signal  and 
attached  to  the  head  for  positioning  the  head, 
and  computing  means  (80)  for  receiving,  at 

45  discrete  PES  sampling  time  periods,  digital 
values  corresponding  to  the  PES  and  for  com- 
puting  a  digital  control  signal  for  use  by  the 
actuator  in  between  sampling  time  periods, 
said  computing  means  including  means  for 

50  estimating  the  state  of  the  actuator  from, 
among  other  things,  estimator  constants,  the 
estimator  constants  being  determined  by  disk 
file  physical  parameters  including  the  PES 
sampling  time  period,  the  file  being  charac- 

55  terised  by  including 
means  for  measuring  the  actual  PES  sam- 

pling  time,  and  by  the  computing  means  in- 
cluding  means  for  modifying  the  estimator  con- 

6 
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stants  in  response  to  the  measured  actual  PES 
sampling  time  period. 

3.  A  disk  file  as  claimed  in  claim  2,  wherein  the 
measuring  means  comprises: 

means  for  generating  an  interrupt  to  the 
computing  means  in  response  to  receipt  of  a 
predetermined  number  of  PES  clock  signals; 

means  for  storing  a  first  value  correspond- 
ing  to  a  predetermined  PES  sampling  time 
period;  and 

wherein  the  computing  means  includes 
means  for  repetitively  increasing  said  first  val- 
ue  by  a  predetermined  increment  and  for  ter- 
minating  said  updating  in  response  to  an  inter- 
rupt  from  said  interrupt  generating  means. 

4.  A  disk  file  as  claimed  in  claim  3,  wherein  the 
computing  means  is  a  microprocessor  and 
wherein  the  means  for  repetitively  increasing 
said  first  value  comprises  means  for  updating 
said  first  value  for  each  microprocessor  cycle, 
and  wherein  the  predetermined  increment  is  a 
value  corresponding  to  the  microprocessor  cy- 
cle  time. 

5.  A  disk  file  as  claimed  in  claim  3  or  claim  4, 
wherein  the  means  for  storing  said  first  value 
comprises  means  for  storing  a  value  of  a  PES 
sampling  time  period  corresponding  to  the 
minimum  allowable  rotational  speed  of  the  ro- 
tatable  disk. 

6.  A  disk  file  as  claimed  in  claim  2,  wherein  the 
measuring  means  comprises: 

means  coupled  to  the  PES  clock  signal 
processing  means  for  generating  a  PES  sam- 
pling  clock  signal  having  a  frequency  directly 
proportional  to  the  frequency  of  the  PES  clock 
signal; 

means  coupled  to  the  PES  sampling  clock 
signal  generating  means  for  generating  a  DC 
voltage  signal  directly  proportional  to  the  fre- 
quency  of  the  PES  sampling  clock  signal;  and 

an  analog-to-digital  conversion  means 
coupled  to  the  DC  voltage  signal  generating 
means  and  to  the  computing  means  for  gen- 
erating  a  digital  signal  to  the  computing 
means. 

Patentanspruche 

1.  Verfahren  fur  eine  digitale  Servosteuerung  fur 
einen  Zugriffsarm  eines  Lese/Schreibkopfes  fur 
eine  Plattendatei,  wobei  das  Verfahren  folgen- 
des  umfa/St:  das  verarbeiten  eines  Kopfposi- 
tionsfehlersignals  (PES)  und  eines  Taktsignals, 
welches  den  Anfang  eines  PES  reprasentiert, 

aus  den  erfa/Sten  Servoinformationen,  und  das 
Berechnen  eines  digitalen  Steuersignals  zu 
diskreten  periodischen  PES-Abtastzeiten  auf- 
grund  dem  PES  entsprechender  digitaler  Wer- 

5  te  zur  Verwendung  durch  den  Zugriffsarm  zwi- 
schen  den  Abtastzeiten,  wobei  das  Berechnen 
das  Abschatzen  des  Zugriffsarmzustandes  un- 
ter  anderem  aus  Abschatzkonstanten  umfa/St, 
wobei  die  Abschatzkonstanten  von  physikali- 

io  schen  Parametern  einer  Plattendatei  bestimmt 
sind,  welche  die  PES-Abtastzeitperiode  enthal- 
ten,  und  das  Verfahren  durch  folgendes  ge- 
kennzeichnet  ist: 
Messen  der  tatsachlichen  PES-Abtastzeitperio- 

15  de  und  Andern  der  Abschatzkonstanten  ent- 
sprechend  der  gemessenen  tatsachlichen 
PES-Abtastzeitperiode. 

2.  Plattendatei  zum  Aufzeichnen  von  Daten  der 
20  Art,  die  folgendes  aufweist:  zumindest  eine 

drehbare  Platte  mit  allgemein  konzentrischen 
Datenspuren  auf  derselben,  wobei  die  Daten- 
platte  oder  eine  getrennte  Servoplatte  (10)  auf 
denselben  aufgezeichnete  Servoinformationen 

25  aufweisen,  zumindest  einen  Kopf  (32)  zum  Le- 
sen  der  Servoinformationen  wahrend  die  Platte 
rotiert,  Mittel  (42,  44,  45,  88,  89,  65)  zur  Be- 
rechnung  eines  Kopfpositionsfehlersignals 
(PES)  und  eines  Taktsignals,  welches  den  An- 

30  fang  eines  PES  reprasentiert,  aus  der  Servoin- 
formation,  einen  Zugriffsarm  (46),  der  auf  ein 
Eingangssignal  anspricht  und  an  dem  Kopf  fur 
die  Positionierung  desselben  angebracht  ist, 
Berechnungsmittel  (80)  zum  Empfangen  digita- 

35  ler  Werte  entsprechend  dem  PES  zu  diskreten 
periodischen  PES-Abtastzeiten,  und  zum  Be- 
rechnen  eines  digitalen  Steuersignals  zur  Ver- 
wendung  durch  den  Zugriffsarm  zwischen  den 
Abtastzeiten,  wobei  die  Berechnungsmittel  Mit- 

40  tel  zum  Abschatzen  des  Zugriffsarmzustandes, 
unter  anderem  aus  Abschatzkonstanten  ein- 
schlie/Sen,  wobei  die  Abschatzkonstanten  von 
den  physikalischen  Parametern  der  Plattenda- 
tei  einschliefilich  der  PES-Abtastzeitperiode 

45  bestimmt  werden  und  diese  Datei  dadurch  ge- 
kennzeichnet  ist,  da/S  sie  enthalt: 
Mittel  zum  Messen  der  tatsachlichen  PES-Ab- 
tastzeitperiode  und  da/S  die  Berechnungsmittel 
Mittel  zur  Veranderung  der  Abschatzkonstan- 

50  ten  aufgrund  der  gemessenen  tatsachlichen 
PES-Abtastzeitperiode  aufweisen. 

3.  Plattendatei  nach  Anspruch  2,  bei  welcher  das 
Me/Smittel  folgendes  aufweist: 

55  Mittel  zum  Erzeugen  einer  Unterbrechung  fur 
das  Berechnungsmittel  als  Reaktion  auf  das 
Empfangen  einer  vorbestimmten  Anzahl  von 
PES-Taktsignalen, 
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Mittel  zum  Speichern  eines  ersten  Wertes  ent- 
sprechend  einer  vorbestimmten  PES-Abtast- 
zeitperiode  und 
bei  welcher  das  Berechnungsmittel  Mittel  zum 
wiederholten  Erhohen  des  ersten  Wertes  urn 
ein  vorbestimmtes  Inkrement  und  zum  Been- 
den  dieses  Aktualisierens  als  Reaktion  auf  eine 
Unterbrechung  durch  das  eine  Unterbrechung 
erzeugende  Mittel  aufweist: 

4.  Plattendatei  nach  Anspruch  3,  bei  welcher  das 
Berechnungsmittel  ein  Mikroprozessor  ist  und 
bei  welcher  das  Mittel  zum  wiederholten  Erho- 
hen  des  ersten  Wertes  Mittel  zum  Aktualisieren 
dieses  ersten  Wertes  fur  jeden  Mikroprozes- 
sorzyklus  aufweist  und  bei  welcher  das  vorbe- 
stimmte  Inkrement  ein  der  Zykluszeit  des  Mi- 
kroprozessors  zugeordneter  Wert  ist. 

5.  Plattendatei  nach  Anspruch  3  oder  4,  bei  wel- 
cher  das  Mittel  zum  Speichern  des  ersten 
Wertes  ein  Mittel  zum  Speichern  eines  Wertes 
einer  PES-Abtastzeitperiode  aufweist,  die  der 
minimal  zulassigen  Rotationsgeschwindigkeit 
der  drehbaren  Platte  zugeordnet  ist. 

6.  Plattendatei  nach  Anspruch  2,  bei  welcher  das 
Me/Smittel  folgendes  aufweist: 
mit  den  Mitteln  zum  Verarbeiten  des  PES- 
Taktsignals  gekoppelte  Mittel  zum  Erzeugen 
eines  PES-Abtasttaktsignals,  welches  eine  der 
Frequenz  des  PES-Taktsignals  direkt  propor- 
tionate  Frequenz  aufweist, 
mit  den  Mitteln  zum  Erzeugen  des  PES-Ab- 
tasttaktsignals  gekoppelte  Mittel  zum  Erzeugen 
eines  Gleichspannungssignals,  welches  der 
Frequenz  des  PES-Abtasttaktsingals  direkt  pro- 
portional  ist  und 
ein  mit  den  Mitteln  zur  Erzeugung  der  Gleich- 
spannung  und  mit  dem  Berechnungsmittel  ge- 
koppeltes  Analog/Digital-Wandler-Mittel  zum 
Erzeugen  eines  digitalen  Signals  fur  das  Be- 
rechnungsmittel. 

Revendicatlons 

1.  Procede  de  servocommande  numerique  pour 
un  actionneur  de  tete  de  lecture/ecriture  d'uni- 
te  de  disque,  le  procede  comprenant  le  traite- 
ment,  a  partir  d'une  information  d'asservisse- 
ment  detectee,  d'un  signal  d'erreur  de  position 
(PES)  de  tete  et  d'un  signal  d'horloge  repre- 
sentatif  du  debut  d'un  PES,  et  le  calcul  a  des 
instants  d'echantillonnage  de  PES  periodiques 
discrets,  en  reponse  a  des  valeurs  numeriques 
correspondant  au  PES,  d'un  signal  de  com- 
mande  numerique  pour  utilisation  par  I'action- 
neur  entre  les  instants  d'echantillonnage,  ledit 

calcul  comprenant  I'estimation  de  I'etat  de  I'ac- 
tionneur  a  partir,  entre  autres  choses,  de 
constantes  d'estimateur,  les  constantes  d'esti- 
mateur  etant  determinees  par  les  parametres 

5  physiques  de  I'unite  de  disque  comprenant  la 
periode  d'echantillonnage  de  PES,  le  procede 
etant  caracterise  par  : 

la  mesure  de  la  periode  reelle  d'echantil- 
lonnage  de  PES,  et  la  modification  desdites 

io  constantes  d'estimateur  en  reponse  a  la  perio- 
de  d'echantillonnage  de  PES  reelle  mesuree. 

2.  Unite  de  disque  d'enregistrement  de  donnees 
du  type  ayant  au  moins  un  disque  pouvant 

is  toumer  comportant  des  pistes  de  donnees  glo- 
balement  concentriques,  le  disque  de  donnees 
ou  un  disque  d'asservissement  distinct  (10) 
ayant  des  informations  d'asservissement  enre- 
gistrees,  au  moins  une  tete  (32)  pour  lire  I'in- 

20  formation  d'asservissement  pendant  la  rotation 
du  disque,  des  moyens  (42,  44,  45,  88,  89, 
65)  pour  traiter,  a  partir  de  I'information  d'as- 
servissement,  un  signal  d'erreur  de  position 
(PES)  de  tete  et  un  signal  d'horloge  represen- 

25  tatif  du  debut  d'un  PES,  un  actionneur  (40) 
reagissant  a  un  signal  d'entree  et  fixe  a  la  tete 
pour  positionner  la  tete,  et  un  moyen  de  calcul 
(80)  pour  recevoir,  a  des  instants  d'echantillon- 
nage  de  PES  periodiques  discrets,  des  valeurs 

30  numeriques  correspondant  au  PES  et  pour  cal- 
culer  un  signal  de  commande  numerique  pour 
utilisation  par  I'actionneur  entre  les  instants 
d'echantillonnage,  ledit  moyen  de  calcul  com- 
prenant  un  moyen  pour  estimer  I'etat  de  I'ac- 

35  tionneur  a  partir,  entre  autres  choses,  de 
constantes  d'estimateur,  les  constantes  d'esti- 
mateur  etant  determinees  par  des  parametres 
physiques  de  I'unite  de  disque  comprenant  la 
periode  d'echantillonnage  de  PES,  I'unite  de 

40  disque  etant  caracterisee  en  ce  qu'elle  com- 
prend  : 

un  moyen  pour  mesurer  la  periode 
d'echantillonnage  de  PES  reelle,  et  en  ce  que 
le  moyen  de  calcul  comprend  un  moyen  pour 

45  modifier  les  constantes  d'estimateur  en  repon- 
se  a  la  periode  d'echantillonnage  de  PES  reel- 
le  mesuree. 

3.  Unite  de  disque  selon  la  revendication  2,  dans 
50  laquelle  le  moyen  de  mesure  comprend  : 

un  moyen  pour  fournir  une  interruption  au 
moyen  de  calcul  en  reponse  a  la  reception 
d'un  nombre  predetermine  de  signaux  d'horlo- 
ge  de  PES  ; 

55  un  moyen  pour  conserver  une  premiere 
valeur  correspondant  a  une  periode  d'echantil- 
lonnage  de  PES  predetermined  ;  et 

dans  laquelle  le  moyen  de  calcul  com- 

8 
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prend  un  moyen  pour  augmenter  iterativement 
ladite  premiere  valeur  d'un  increment  predeter- 
mine  et  pour  mettre  fin  a  ladite  mise  a  jour  en 
reponse  a  une  interruption  venant  dudit  moyen 
generateur  d'interruptions.  5 

4.  Unite  de  disque  selon  la  revendication  3,  dans 
laquelle  le  moyen  de  calcul  est  un  micropro- 
cesseur  et  dans  laquelle  le  moyen  pour  aug- 
menter  iterativement  ladite  premiere  valeur  10 
comprend  un  moyen  pour  mettre  a  jour  ladite 
premiere  valeur  pour  chaque  cycle  du  micro- 
processeur,  et  dans  laquelle  I'increment  prede- 
termine  est  une  valeur  correspondant  au  temps 
de  cycle  du  microprocesseur.  is 

5.  Unite  de  disque  selon  la  revendication  3  ou  la 
revendication  4,  dans  laquelle  le  moyen  pour 
conserver  ladite  premiere  valeur  comprend  un 
moyen  pour  conserver  une  valeur  d'une  perio-  20 
de  d'echantillonnage  de  PES  correspondant  a 
la  vitesse  de  rotation  minimale  admissible  du 
disque  pouvant  tourner. 

6.  Unite  de  disque  selon  la  revendication  2,  dans  25 
laquelle  le  moyen  de  mesure  comprend  : 

un  moyen  couple  au  moyen  de  traitement 
du  signal  d'horloge  de  PES  pour  produire  un 
signal  d'horloge  d'echantillonnage  de  PES 
ayant  une  frequence  directement  proportion-  30 
nelle  a  la  frequence  du  signal  d'horloge  de 
PES  ; 

un  moyen  couple  au  moyen  generateur  de 
signaux  d'horloge  d'echantillonnage  de  PES 
pour  produire  un  signal  a  tension  continue  35 
directement  proportionnel  a  la  frequence  du 
signal  d'horloge  d'echantillonnage  de  PES  ;  et 

un  moyen  de  conversion  analogique-nu- 
merique  couple  au  moyen  generateur  de  si- 
gnaux  a  tension  continue  et  au  moyen  de  40 
calcul  pour  fournir  un  signal  numerique  au 
moyen  de  calcul. 

45 

50 

55 
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